Molecular techniques and biochemical questions came to dominate genetic research during the later half of the 1900th century. This does not mean that earlier achievements have lost their importance. In this review the trends in classic genetics are followed from the beginning in 1900 until the molecular aspects took over, and it is shown how they form the basis for many trains of thought in present day genetics.
Genetics grew into a scientifi c discipline during the fi rst decade of the twentieth century, it prospered and became acknowledged in its fi rst half, it widened into the molecular fi eld during its second half. This expansion attracted scientists from nearby branches such as biochemistry, biophysics, cell biology, statistics and computer science, which started to call themselves geneticists without deeper insights into the classical genetics. They may be unaware of how far the science had advanced already before the molecular window was opened.
Then, what is the essence of genetics? It is involved in all aspects of biology, and has branched into different disciplines, rather far apart. Still it is held together by its core, the evolutionary coalescence of all living organisms on earth and their surprisingly great conformity in physiological and hereditary mechanisms.
In the early defi nitions before the year 1900 the word variation is often included, most bluntly as the science of variation. Similarities and differences between parent and offspring are also emphasised. Inheritance causes similarities but not complete likeness. The name of the subject, genetics, was introduced by W. Bateson in 1906 and defi ned as the scientifi c study of the heredity of individuals. Later defi nitions have become more extensive and include not only the transmission of the hereditary factors but also their nature and the way in which they infl uence the living organism at different stages and at different levels, from molecules to populations and ecosystems.
FIRST STEPS: CONFIRMATION
During the fi rst decade of the 1900th century the application of Mendel's laws were tested and found to be universal. Some exceptions were noted, for instance in the apomictic hawkweed, but many could later be explained without violation of the Mendelian principles. Instead they promoted the understanding of gene interactions such as multiple alleles, epistasis and lethal genotypes.
Not only in plants and animals were the laws of inheritance confi rmed but also in man. Familial occurrence of brachydactyly -a dominant trait -was fi rst described, but more important was A. Garrod's early studies of inborn errors of metabolism, with alkaptonuria as the prime example. GARROD (1902) could follow the inheritance of a recessive gene in man and also connect its effects with the dysfunction of an enzyme.
Cytological studies in the decades before 1900 had revealed the behavior of the chromosomes during mitosis and meiosis and now the hereditary factors seemed to parallel these fi ndings. This was early observed and most clearly pointed out by T. BOVERI (1902) and W. S. SUTTON (1903) . The limited number of chromosomes and the large number of hereditary factors that must be assumed, however, was diffi cult to reconcile.
The fi rst character actually bound to a chromosome was sex. Some of the earliest demonstrations of sex chromosomes (1905) were made on moths and birds (fowls). In these the female is the heterogametic sex and this led to hot discussions before it was fi rmly demonstrated that males are heterogametic in many other species such as fl ies and man.
Also exceptions to independent assortment caused diffi culties when more and more cases were reported. The idea that genes were placed lineary along the chromosomes, which could exchange part during meiosis was suggested by T. H. MORGAN (1911) , but cytological proofs were forwarded much later, by C. STERN (1931) and by H. CREIGHTON and B. MCCLINTOCK (1931) who demonstrated the exchange of cytologically visible markers. These fi ndings were made possible by the use of model organisms where knowledge of heredity and cytology could be combined. The two most important organisms were the fruit fl y ( Drosophila melanogaster ), introduced in genetic studies by Morgan, and maize ( Zea mays ).
In Drosophila the fi rst mutation, white (white eyes) was found in January 1910 and was soon followed by many others, both sex linked (y, e, ct, m) and autosomal ones. Evidently there were many more mutants than there were chromosomes in Drosophila . A year later STURTEVANT (1913) solved the problem of chromosome mapping by using the strength of linkage as a measure of distance between genes located in linear order along the chromosomes.
The most popular plant material, in addition to garden fl owers, was maize, but its importance for the advancement of genetics had quite another angle. It concerned the study of quantitative variation in measurable characters. Such studies were popular long before 1900. F. Galton, cousin of Darwin, was the master of measurements, and his studies of parent -offspring likeness in man initiated some early statistical methods of correlation and regression. During the fi rst decade of the 1900s Punnet and other biometricians were in opposition to the Mendelists, especially Bateson, and this clearly retarded the progress in this aspect of genetics. However, the confl ict was resolved after the studies of pure lines and selection in beans by W. JOHANNSEN (1909) , who defi ned the important terms phenotype and genotype (and also had introduced gene for a hereditary factor in 1909), by cross breeding studies in cereals by H. NILSSON-EHLE (1909) and in maize by EAST and EMERSON (1913) . Their results confi rmed that variation in quantitative characters could be analyzed from premises of multiple Mendelian factors behind the same character in combination with environmental infl uences.
POPULATION GENETICS
Darwin was convinced of the importance of heredity in evolution and this awakened a wide interest in inheritance. The rapid progress of Mendelism during the new century, however, was accompanied by a decreasing interest for evolution, as it displaced the focus from the small steps assumed in evolution to the qualitative variants which were more suitable for studies concerning the mechanisms of heredity. The question of what happened in populations was overshadowed by the analysis of cross breeding, and the statistical consequences of Mendelism were not considered. But some progress was made when a biometrician, G. YULE (1902) , established that the F 2 -proportions would remain also in subsequent generations. The basic concept of gene and genotype frequencies in populations was stated in 1908 simultaneously by the English mathematician G. HARDY (1908) and the German physician W. WEINBERG (1908) . They showed that when the conditions of the population to be large and random mating, with no mutation and no selection, were fulfi lled, both gene and genotype frequencies were stable, as stated by the Hardy-Weinberg equilibrium: p2AA ϩ 2pqAa ϩ q2aa. As these conditions often seem to be approximately valid, the formula obtained wide applications.
Further progress was made during the 1920s and 1930s by three founders of population genetics: the two Englishmen J. B. S. HALDANE (1924) , who analysed the effects of deviations from the condition of no selection, and R. A. FISHER (1930) , who further developed the consequences of selection and different mating systems, and the American S. WRIGHT (1931) , who especially paid attention to the importance of chance in small populations and its role for evolutionary change. Their main concern was predictions of how the frequency of genes changed or was balanced in populations.
Since almost no clear genetic variability could be found in wild populations and the study of such involved considerable diffi culties, the analyses were theoretical or built on laboratory experiments. The quantitative variation in wild populations was of course well known, but this was not of a kind suitable for genetic analyses. However, studies by S. Chetverikov and others of wild Drosophila populations in Russia during the 1920s and 1930s revealed that these contained a large supply of recessive lethal genes. The realization that they are also full of genetic variants with less drastic effects was confi rmed only when new methods made biochemical variability available for studies.
The importance of the advanced algebraic analyses was little appreciated until their evolutionary signifi cance was elucidated. T. DOBZHANSKY (1937) , in his infl uential book, ' Genetics and the Origin of Species ' , examined data from fi eld studies concerning species differentiation and interpreted them in terms of the mathematical theories of population genetics.
Practical applications could also be applied in crop and animal breeding. The multifactorial interpretation of quantitative variation was further confi rmed. An experiment with selection for high and low oil content in maize was started already in 1896 and went on for decades with continuing progress. Emerson and East studied inbreeding and cross-breeding which eventually led to the successful hybrid corn method. Built on the presence of hybrid vigour between interacting inbred lines and the suitable placing of the male maize fl owers, the tassels, which makes their removal easy, the method before long outdid other breeding methods and substantially increased the corn yields. In other cereals the best advances were still made with designed breeding and crosses between selected variants. N. Borlaug succeeded to combine high yield with disease resistance in wheat strains which became the basis of the green revolution in the 1960s.
The genetics of populations was also effi caciously applied to animal breeding. The ill effects of inbreeding phenotypic effects and as polyploidy, which was made easy to produce by means of colchicine. The possibility to increase the number of chromosome sets was extensively exploited in plant breeding, both as a means to overcome hybrid sterility and to increase cell size in order to improve growth. None of these methods became the paramount way to better yields which was hoped for, but produced some new commercial varieties.
Even using mutagenic agents mutations are rare. A striking exception to this was found in certain loci of maize, studies of which were initiated in the 1940s and pursued during many years by Barbara McClintock. Anthocyanin is produced in maize kernels by a pathway where many genes are involved, and mutations in any of these can produce unpigmented kernels. Some mutations are unstable, causing a reversion to colour in patches of different size. MCCLINTOCK (1961) found that the reversions were due to what she called controlling elements, which could be inserted at various sites on the chromosome during somatic cell division, and infl uence the expression of nearby genes. This was the fi rst observation of jumping genes and transposable elements, later found to be involved in gene control. Including insertion sequences in bacteria, mating types in yeast, as well as many unpredictable changes in gene action and location in eukaryotes, they proved to be important dynamic elements in evolution.
POLITICS
The mutation risk from nuclear weapons and industry was not the only aspect of genetics which caused political perturbations during the past century. The growing understanding of genetic factors behind many types of illnessphysiological as well as mental -led to the idea that human populations could be improved if the less successful members were prevented from propagation. In many countries, including Sweden, this concept motivated far too many sterilizations, often on very unclear grounds. Not only were the straightforward assumption of genetic causes sometimes wrong but also the calculations of the population effect of the measures built on false presumptions and were far too optimistic. Quite atrocious were of course the attempts to make the affi liation to a certain race the reason for inhuman treatment and fatal deeds. In spite of its good intentions eugenics as a means to improve the human race is a dark chapter in the history of genetics.
But no less devastating were the explicit denial of the science of genetics as it was put into practice in the Soviet Union by T. Lysenko. Gaining the support for his ideas from Stalin this charlatan harassed all practitioners of genetic science in the country. Institutions were closed, scientists dismissed and arrested, experimental plants destroyed. As a consequence, crop yields in parts of Soviet's led to abandoning of the star bull idea; instead genetic testing of bulls and fi nally associations for artifi cial insemination were initiated. The American J. LUSH (1951) introduced the concept of heritability for the genetic infl uence on quantitative variation and demonstrated its importance for estimation of breeding values and selection methods.
MUTATIONS AND INSTABILITIES
The stability of the hereditary factors was considered the basis of heredity, but its universality was contradicted by evolution which demands changes, and by the large amount of gene variants that were found in all well studied organisms such as cultivated plants and domestic animals. The possibility of unstable genes thus must be considered. It was diffi cult to actually prove a change, the appearance of a new mutation. Many of the fi rst reported cases were due to rare recombinations. The fi rst indisputable cases were found in Drosophila , but they were few and not repeatable. Since recessive alleles can be hidden for many generations before they are phenotypically manifested the best opportunity to observe new mutations is to study dominant or sex linked mutants. But for a quantification of the mutation process a whole group of mutations had to be included. H. J. Muller invented a method to detect recessive sex linked lethals in Drosophila , a class large enough to make possible estimations of mutation frequencies. By means of this method MULLER (1927) could show that mutation frequency was increased by X-rays and that the increase was dose dependent. A year later his results were confi rmed by L. STADLER (1928) using irradiated seeds of barley.
Other kinds of ionizing radiation were later found to be mutagenic, but attempts to induce mutations by other physical and chemical treatments were long unsuccessful. The fi rst chemical mutagen was discovered by Charlotte Auerbach in 1941, but since this was mustard gas which is a war-fare substance, the publication of this discovery was delayed ( AUERBACH 1946) .
The risk of somatic mutations after exposure to radiation was early confi rmed in medicine, but MULLER (1950) insisted that there were also genetic risks. This raised fears which were further increased after the atomic bombs in 1945 and the decade of testing nuclear weapons that followed. To quantify these risks, and their contribution to our load of mutations, has proved very diffi cult and is still uncertain. However the opposition against the tests led to a substantial restrain in their performance and radioactive fallouts decreased.
Animal and plant breeders had early appropriated Mendelism but applications of the new fi ndings took longer time. In the 1940s induced mutations were tried for improvement in crops, both as induced mutations with were made. J. GOWEN and E. GAY (1933) found 1280 genes on the X-chromosome, which number was close to the cytological estimate by C. BRIDGES (1938), which numbered 1024. He based his estimate on the number of recognisable bands in the large polytene chromosomes in the salivary glands, fi rst described in Drosophila by T. PAINTER (1933) .
WIDENING THE FIELD: NEW EXPERIMENTAL ORGANISMS
The early model organisms all have a complicated development, controlled by many genes, and the primary effect caused by a mutation was diffi cult to establish. Less complex organisms with more simple needs were required for an analysis of the direct effect of a gene. Despite this, the fi eld of biochemical genetics -foreshadowed by Garrod -was introduced in experiments with a moth, Ephestia kühniella . In G ö ttingen in the 1930s A. KÜHN and E. CASPARI (1935) found that a mutant with red eyes lacked a hormone, later identifi ed as kynurenine, which was also found to be active in Drosophila and a wasp. G. BEADLE and E. TATUM (1941) exploited the simple nutritional demands of the bread mould Neurospora to obtain mutations in genes which normally execute the synthesis of biologically important substances, such as vitamins and amino acids. Their results led to the hypothesis of one gene -one enzyme: that the primary function of a gene is the production of a polypeptide chain. Although all genes do not follow this paradigm, it was a signifi cant statement, also as an indication of the correspondence between the linear structures of genes and proteins, which later was confi rmed in the genetic code.
Another important expansion to new organisms was genetic experiments with bacteria. The Avery-group in their experiments concerning transformations had used Pneumococcus , but the genetics of bacteria was still quite obscure. S. LURIA and M. DELBRUCK (1943) could clearly demonstrate genetic variation and mutations in bacteria, and from then on progress was rapid. Biochemical mutants were soon discovered in Escherichia coli and by means of selective breeding of mixtures of bacteria of type A ϩ B -and A -B ϩ viable recombinants of type A ϩ B ϩ could be produced, thus proving both sex and recombination, LEDERBERG and TATUM (1946) .
Later discoveries of bacterial sex and the fertility-(F-) factor facilitated mapping of the bacterial chromosome by means of studies of the one-way chromosomal transfer between conjugating bacteria.
Genetically even simpler organisms, viruses and bacteriophages, also contributed to the knowledge of the gene. In cultures of E. coli infested with two different phage types recombination between these could be most highly producing agricultural districts were hampered by unsuitable seed material and false instructions, and the science of genetics was delayed by several decades in eastern Europe.
THE GENETIC MATERIAL
Speculations about the nature of the genetic material prospered during the fi rst half of the century. Two qualities were necessary: ability of self replication and a large supply of specifi c information capacity. As late as in 1944, in his infl uential book ' What is life? ' , SCHR Ö DINGER (1944) , suggested that the gene was an aperiodic crystal, probably a protein. But cytological observations pointed in another direction. A substance called nucleic acid was discovered and described already in 1872 by F. Miescher, a Swiss, who noted that it contained phosphate. By 1910 a German chemist, A. Kossel, had identifi ed the four bases, A, T, C and G. Its last component, the sugar molecule had also been found at that time, by P. A. Levene, a Russian refugee working in New York. He found that the sugar occurred in two forms, ribose and deoxyribose, included in RNA and DNA, respectively. The importance of DNA for heredity was indicated when, by means of specifi c dyeing by the Feulgen method, it was shown in the 1920s that the substance in living material occurred only in cell nuclei and there was restricted to the chromosomes. The fi nal proof of the genetic importance of DNA was given by O. AVERY, C. MACLEOD and M. MCCARTY (1944) , who succeeded in transforming pneumococcal bacteria from a rough non-pathogenic to a smooth virulent type by means of purifi ed DNA. The interest in the substance led to a keen pursuit to establish its molecular structure, a race won by J. Watson and F. Crick in 1953. Although the gene thereafter has abandoned its abstract phase and become a material part in the cell machinery, genes remain the fundamental elements of genetics. The number of genes needed to shape an organism and their size were long a vital fi eld of speculations. In 1922 a fi rst estimate was made for Drosophila by Morgan and Muller, based on recurrence mutation frequencies. The estimated total number was about 2000. Following Muller's discovery of the mutagenic effect of ionizing radiation a mutation was seen as a genetic injury. The target theory was developed foremost by N. TIMOFEEFF-RESSOVSKY (1937), a Russian geneticist working in Germany in the 1930s and during the war. According to this view the gene is a molecule, or part of a molecule, including some hundreds of atoms. Ionizing radiation produces an electronic event by a hit within this target, sometimes resulting in a mutation. The frequency of induced mutations thus indicated the size of the gene. This theory was also used to estimate gene number in Drosophila , and some consistent estimates evolutionary connections in the animal kingdom have been be revealed.
BACK TO EVOLUTION
A new interest in evolution followed in the 1940s with what is called the modern evolutionary synthesis. Variation within and between species was studied in the fi eld by E. MAYR (1942) in animals and by L. STEBBINS (1950) in plants. They introduced the biological species concept, which sees a species as a group of interbreeding organisms with geographic distance or other barriers isolating them from other such groups.
The aspect of evolution which emerged was less concerned with population genetics subtleties and more with large scale adaption processes. From this angle the individual is degraded to a transporter of genes from one generation to the next. During its lifetime the carriers of a certain gene expose their fi tness, thus contributing to the underlying struggle between genes in the long perspective of evolution. The gene is seen as the ultimate target for natural selection. The image of the selfi sh gene was appropriately introduced by R. DAWKINS (1976) .
A new point of view concerning natural selection was introduced by W. HAMILTON (1964) : inclusive fi tness. Defi ned as the reproductive success of an individual plus that confi ned to its relatives, with regard taken to the degree of relationship, it solved the old biological enigma of altruism and social behaviour of ants and bees.
Other expansions of evolutionary genetic theory were due to R. TRIVERS (1972, 1974) , who investigated confl icts between parents and between parent and offspring, concerning their relative investments in upbringing of the next generation. Also J. MAYNARD-SMITH (1980) contributed with the introduction of game theory, leading to evolutionary stable strategies (ESS) which could decrease unnecessary struggle in the evolutionary play.
HUMAN GENETICS
Progress in human genetics was slow. After Garrod's alkaptonuria studies descriptions of monogenetic diseases accumulated to some hundreds, which were classifi ed as recessive or dominant, autosomal or X-linked. It was however not possible to map the genes to specifi c chromosomes or loci.
Studies of other traits were also scarce. A difference in our ability to taste phenylthiocarbamide (PTC) was discovered by A. FOX (1932) . K. LANDSTEINER (1900) had early found the AB0 blood groups. They were clearly genetic but their mood of inheritance with three alleles was not established until 1927. The Rh blood group and its importance for erythroblastosis fetalis, which was detected by observing different types of plaques, appearing after recombination between phages. S. BENZER (1955) carried this analysis even further. By studying rare recombinations within a phage gene he could substitute the old view of the gene as an indivisible unit for a linear segment of DNA, that could break anywhere between nucleotides, which were also the minimum units of mutation. Thereby he united the classical genetics with the structure of the DNA-molecule. The century of genetics had then passed its middle.
DEVELOPMENT
The view that differentiation could be explained by somatic segregation of genetic factors was soon abandoned, but otherwise there was little connection between embryologists and the early geneticists. Morgan was interested in embryology before he was captured by genetics. He was convinced that genes have a role in development, but had no idea of how to explore their infl uence.
Indirect evidences were found for a step-by-step activation of different genes along the time axis of ontogeny, but real demonstrations of switches in gene action were few. In bacteria, F. JACOB and J. MONOD (1961) demonstrated that, depending on available nutrition, there was a joint control of a whole group of adjacent genes (an operon), responsible for enzymes in a metabolic pathway.
In species of the midge Chironomus W. BEERMANN (1952) could visually show that parts of the polytene chromosomes pass through periods of fl uctuating activity (so called puffs).
Another phenomenon was E. HADORN 's (1964) demonstration that cell cultures from imaginal discs of Drosophila , when serially transplanted in the abdomen of adult fl ies, gradually lost their original determination and could differentiate into quite other organs like antennae, legs or wings. The genes behind these changes were unknown to him. Similar abnormalities were observed by E. LEWIS (1972) who during many years studied the genetics of a cluster of mutants which interfered with the body plan in Drosophila. Such mutants could result in a change in developmental patterns forcing one segment to develop into another. A puzzling fi nding was that the genes in this cluster have a linear arrangement that mirrors the order of the body parts from head to tail.
These fi ndings were during the 1970s complemented by the identifi cation of other genes which control the early embryonic development of the fl y. The fundamental importance of these genes was emphasized when it was found that the same genes also lay behind development in most other animals. By identifying their homologies and DNA sequence correspondence, deep it arisen? What we have learned in the past forms the basis for designing future science and anticipate its goal and development.
explained as a case of immunization, were described by P. LEVINE and E. KATZIN (1940) .
The human chromosome set was elusive, but when the number of chromosomes was fi nally established, by J. H. TJIO and A. LEVAN (1956) , progress came fast. The mystery of the mongoloid children was explained as three copies of chromosome 21 by J. LEJEUNE (1959) . Several other chromosomal aberrations were also found, and their importance perhaps exaggerated, as in the case of the XYY-men, where the extra Y-chromosome was seen as a sign of criminal personality.
The study of sickle-cell anaemia is a good example of how different aspects of genetics can deepen the understanding of a disease. In Chicago J. H. HERRICK started a study of the disease in 1904 and in 1910 reported it as a recessive autosomal disease, where the physiological damage was due to the sickle-shaped red blood cells. In America the disease was only known among black people. In the 1940s when methods in protein analysis improved, L. PAULING et al. (1949) tackled the nature of the haemoglobin and found a difference in electrical charge between normal and sickling molecules. This discovery caused the sickle-cell anaemia to be named the fi rst molecular disease. Finally distribution aspects, fi rst ventured by J. B. S. HALDANE (1949), later led A. ALLISON (1954) to consider why the disease was so common in West Africa and why its distribution corresponded to that of Plasmodium falciparum malaria. It turned out to be a case of balanced polymorphism, due to selection against both homozygous genotypes, still the best example of this phenomenon.
Step by step new insights in basic genetics have been able to explain genetic, biochemical, and physiological errors behind many diseases and to facilitate their diagnosis, even before it was possible to read our individual DNA.
CONCLUSIONS
The science of genetics was born in central Europe, was eagerly taken up in England and in Scandinavia, expanded to new domains in America and by and by grew into its present position as the basis of all biology. Today technological advances and molecular methods have totally reformed the classical ways of studying genetics. Intricate cross-breeding and keen watchfulness for visible phenotypic deviations on model organisms are no longer the main road to progress. By means of separation of macromolecules, their upgrading and visualizations, and the computerized processing of an enormous amounts of data, the molecular world has been uncovered in a way unthinkable 50 years ago.
The classical questions when facing a new discovery, however, are the same: What is it? What does it? How has
